In this study, medium Mn transformation-induced plasticity steel with the composition Fe-0.08 pct C-6.15 pct Mn-1.5 pct Si-2.0 pct Al-0.08 pct V was investigated. After intercritical annealing at 1013 K (740°C), the steel contained coarse-grained ferrite and two ultrafine-grained (UFG) phases: ferrite and retained austenite. The material did not deform by localized Lu¨ders band propagation: it did not suffer from this major problem as most UFG steels do. Localization of plastic flow was shown to be suppressed because of a combination of factors, including a bimodal grain size distribution, a multiphase microstructure, the presence of nanosized vanadium carbide precipitates, and the occurrence of the deformation-induced martensitic transformation of retained austenite. A constitutive model incorporating these effects was developed. The model was used to identify the factors which can lead to a further improvement of the mechanical properties of the UFG medium Mn TRIP steels.
I. INTRODUCTION
THE considerable interest in ultra-fine grained (UFG) steels is due to their ability to achieve high strength without high alloying additions. The low ductility of UFG steels remains, however, a major obstacle to their industrial application. It was recently realized that cold-rolled steels with a medium (4 through 7 mass-pct) Mn content develop UFG microstructures after intercritical annealing because of the simultaneous recrystallization of ferrite and the reverse transformation of martensite to austenite. [1] [2] [3] [4] [5] [6] [7] Despite recent improvements in the combination of total elongation and ultimate tensile strength, [4, 6] control of strain localization caused by a low work hardening rate is still a major issue with UFG medium Mn TRansformationInduced Plasticity (TRIP) steels.
Many mechanisms have been proposed to improve the work hardening rate of UFG metals and alloys. [8] [9] [10] [11] [12] [13] Ohmori et al. [10] suggested introducing cementite particles and showed that the work hardening increased with an increased volume fraction of cementite particles. Tsuji et al. [8] proposed a combination of fine carbide precipitates and a multiphase microstructure. Wang et al. [12] showed that nanotwinning resulted in a superior combination of ultimate tensile strength (UTS) and total elongation. Ma [15] recently reviewed several routes to improve the mechanical properties of UFG materials. The following microstructural features were considered essential to enhance ductility of UFG materials: a bimodal grain size distribution, a multiphase microstructure, the presence of nanoscale twins, the presence of nanosized precipitates, the occurrence of a deformation-induced phase transformation, and a low rate of dynamic recovery. Synergy is, however, essential, as none of these factors implemented individually yields the preferred level of improvement of the mechanical properties. [1, 2, 6, 7, 14] Suh et al. [2] showed that a bimodal grain structure can be achieved in medium Mn ferrous alloys with the additions of Al and Si when the amount of both alloying elements exceeds 3 mass pct. According to Lee et al., [6] the martensitic transformation of retained austenite can raise the work hardening considerably in a 6 mass pct Mn TRIP steel. The austenite stability of the steel is mainly due to the combination of the UFG size of the retained austenite and its chemical composition. [5] Control of the grain size and the chemical composition of retained austenite are thus essential to obtain optimal conditions for the martensitic transformation kinetics during deformation. Finally, the composite nature of a multiphase structure can also contribute to improved mechanical properties of the steel through effective stress and strain partitioning among the phases. [8, 9, 15] Kocks and Mecking [16] proposed a constitutive model, referred to as the KM model in the current article, which allows for a quantitative description of the macroscopic plasticity of metals and alloys. Estrin and Mecking [17] further developed a unified constitutive model which enabled inclusion of metallurgical features, such as grain size, TRIP effect, twinning-induced plasticity (TWIP) effect, etc., in the original KM model. The aim of the current study was to propose a new alloying concept for medium Mn UFG TRIP steel with a sustained work hardening rate which suppresses localization of plastic deformation. In addition, a constitutive model was constructed to identify alloy design routes that can further improve the mechanical properties of UFG medium Mn TRIP steel.
II. EXPERIMENTAL
In this study, two medium Mn TRIP steels were used. Their compositions are listed in Table I . The steels are referred to as 0.05 CMn and 0.08 CMnV. Both steels had a similar base composition but a different V content. The 0.05 CMn steel was V-free. 800 ppm V was added to the 0.08 CMnV steel to obtain VC precipitates. Ingots with a thickness of 50 mm were prepared by vacuum induction melting, reheated to 1250°C, hot rolled to a thickness of 3 mm, and water quenched. A heavily deformed martensitic microstructure was obtained after cold rolling of the hot-rolled strip to a thickness of 1 mm. The cold-rolled 0.05 CMn steel was intercritically annealed at 640°C, and the 0.08 CMnV steel was intercritically annealed at 740°C in a continuous annealing simulator using a heating rate of 3°C/s, a holding time at the soaking temperature of 180 seconds, and a cooling rate of 30°C/s.
ASTM-E8 standard samples with tensile axis aligned parallel to the rolling direction were uniaxially tested to fracture at a strain rate of 10 À3 s À1 in a ZWICK Z100 universal tensile testing machine. Similarly annealed samples of the 0.08 CMnV steel were used for interrupted tensile tests. The testing was interrupted at 1, 5, and 10 pct of engineering strain, and the austenite volume fraction was determined by means of saturation magnetization measurements.
A ZEISS field-emission source scanning electron microscope (FE-SEM) was used to determine the volume fractions of the coarse-grained ferrite and the UFG ferrite. With these data, the volume fraction of UFG austenite was then determined.
Transmission electron microscopy (TEM) observations were carried out for the 0.08 CMnV steel to identify the microstructural changes occurring during tensile testing. A detailed analysis of the microstructure of 0.05 CMn steel was reported previously. [4, 6] A JEOL 2100F transmission electron microscope equipped with a field emission (FE) source was used at an accelerating voltage of 200 kV. Thin foils for TEM specimens were prepared by twin jet electro-polishing 3-mm diameter disks using a solution of 10 pct perchloric acid and 90 pct acetic acid.
MatCalc simulations [18] were used to determine the volume fraction of VC carbides formed during the thermomechanical processing. The simulations included reheating to 1250°C for 3600 seconds, hot rolling, cold rolling, and annealing at 1013 K (740°C) for 180 seconds.
The simulations took into account microstructural features such as the dislocation density and the grain size.
III. MODEL DESCRIPTION

A. Constitutive Model for Coarse-Grained and UFG Ferrite
The flow stress was calculated by taking into account the various contributions to strength, including the solid solution strengthening, the VC precipitation strengthening, the strain hardening due to dislocation-dislocation interactions, and the grain boundary (Hall-Petch) strengthening. The model assumes that possible interactions between the individual strengthening mechanisms can be neglected. For ferrite, the Peierls stress was also included. Accordingly, the flow shear stress for ferrite, s a , is given by the following equation:
is the solute concentration in weight percent, s p is the Peierls stress, _ c a is the applied shear strain rate, T is the absolute temperature, s VC is the term representing the precipitation strengthening by VC, f VC is the volume fraction of VC precipitates, d VC is their average size, k y is the Hall-Petch parameter, D a is the average ferrite grain size, a is a numerical constant taken here to be 0.4, G a is the shear modulus, b a is the magnitude of the Burgers vector, and q a is the shear strain-dependent dislocation density. The subscript a designates the ferrite phase. The equations for the flow stress of coarsegrained and UFG ferrite are essentially the same, the grain size effect being captured by the Hall-Petch term. In addition, a grain size effect enters through the evolution equation for the dislocation density.
The solid solution strengthening in ferrite phase is expressed by the following empirical relation [19] :
where M denotes the Taylor factor for ferrite. The quantities X a C , X a Si and X a Mn denote the C, Si, and Mn contents of the ferrite, respectively. The composition of the ferrite is given in Table II. According to Follansbee, [20] the strain rate and temperature dependence of the Peierls stress can be represented as follows: 
where s P is the Peierls stress at a specific strain rate _ c a and absolute temperature T. G(T) is the temperaturedependent shear modulus, andŝ P =G 0 is the zero Kelvin Peierls stress normalized with respect to the shear modulus at absolute zero temperature. The function S P ð_ c a ; TÞ represents the temperature and strain rate dependencies of the Peierls stress. It can be expressed [20] as
where k is the Boltzmann constant, g 0 is a numerical parameter, and _ c 0 is a reference shear strain rate, which is also a material parameter. The value of the exponents p and q were taken as 1/2 and 3/2, respectively.
The work hardening for the ferrite is associated with the variation of the dislocation density and was computed using the evolution equation for the dislocation density [17] :
In this equation, D a is the grain size, k 1 is the dislocation storage constant, and k 2 is the dynamic recovery parameter, which is strain rate and temperature dependent. P is a grain size-dependent quantity that accounts for the effect of the grain size on the dislocation density storage. Bouaziz et al. [21] introduced the concept of a critical grain size to describe the specifics of the dislocation storage process in fine-grained materials. Dislocations emitted from a grain boundary source can be either piled-up or absorbed when they reach the grain boundary at the opposite side of the grain. It was shown [21] that for the grain size D smaller than a critical grain size D c given by
grain boundaries cease to act as impenetrable obstacles to dislocations. Rather, dislocations arriving at grain boundaries get absorbed therein. Accordingly, the coefficient P in the first storage term in Eq. [5] vanishes asymptotically when D drops below the critical value, D c . This trend is described by the function:
As seen from Eq. [6] , the critical grain size is controlled by the plastic shear rate and the grain boundary diffusivity D gb of Fe atoms, and can easily be estimated. Thus, for room temperature values of the grain boundary self-diffusion coefficient for Fe atoms, D gb , in ferrite and austenite are 1.19 9 10 À10 and 3.37 9 10 À11 m 2 /s, respectively. [22] For moderate shear rates of _ c = 3 9 10 À3 s À1 dislocation storage at grain boundaries can therefore occur when the grain size is larger than 2 lm for ferrite and 1.5 lm for austenite. By availing the factor P in Eq. [5] , it becomes possible to tune the effect of grain size on the dislocation density evolution. In the current case, the value of P should be close to unity for the coarse-grained ferrite. By contrast, it should be close to zero for the UFG phase constituents of the material.
The contribution of the carbides to shear stress can be expressed as follows [23] :
where f VC is the volume fraction of the VC precipitates, and d VC is their diameter. In addition to this direct contribution of nanometer-sized VC precipitates to shear stress, they also contribute to the work hardening through their effect on the dislocation storage rate. This effect can be taken into account by including an additional term in the dislocation density evolution equation for the UFG ferrite phase, Eq. [5] :
Assuming a random dispersion of carbides, their average spacing can be estimated as
B. Constitutive Model for UFG Austenite
The shear stress of the UFG austenite was calculated by means of the following equation:
where the subscript or superscript c refers to the austenite. Since the misfit energy on the {111} c type primary slip planes in fcc metals and alloys is small, the Peierls stress contribution to the overall flow strength of UFG austenite can be neglected. [24] Consequently, the strength of UFG austenite is mainly due to solid solution and grain size strengthening. The equation for the solid solution strengthening term for austenite is given in Reference 19:
where M c is the Taylor factor for austenite. X 
Mn and X c
Si denote the C, Mn, and Si contents of the austenite, respectively. The composition of the retained austenite is given in Table II. The dislocation density evolution equation for the UFG austenite is given by
During straining of UFG austenite, deformationinduced transformation takes place. Laths of martensite are formed in the process. This leads to a gradual reduction of the dislocation mean free path during the deformation, which can be expressed as follows:
where
represents the average spacing of a¢ martensite laths of thickness c. The other quantities entering Eqs. [13] and [14] are the grain size of the UFG austenite, D c , and the volume fraction of austenite transformed to martensite,
The variation of the volume fraction of martensite with strain can be expressed by the Olson-Cohen equation:
with b and n being the parameters that characterize the martensitic transformation kinetics. The model parameters used for the UFG-retained austenite are listed in Table III . Note that the value of b and n were obtained by fitting Eq. [15] to the experimentally measured strain dependence of the martensite volume fraction. The best fit returned the values of b = 162.2 and n = 2.42.
C. Constitutive Model for Martensite
The retained austenite transforms to martensite during tensile deformation. Since the martensitic transformation is diffusionless, the composition of the UFGretained austenite is directly inherited by the martensite. The strength of the newly formed martensite is mainly due to its high dislocation density and the carbon atoms in solid solution. The evolution equation for the dislocation density q a 0 in martensite is similar to the equation used for coarse-grained and ultrafine-grained ferrite. [25] The shear stress is given by
where s a 0 y is the yield stress of martensite. According to Speich et al., [26] the yield stress of martensite containing more than 0.013 mass pct C can be expressed as follows:
where X c is the carbon content of martensite. For the material considered here, the yield stress of straininduced martensite was found to be approximately 1430 MPa.
D. Strain Partitioning
Since the 0.08 CMnV steel has a multiphase microstructure, the strain and stress partitioning between the phases needs to be considered. To that end, the iso-work theory was used, as it provides a reasonable compromise between the Sachs (iso-stress) and the Taylor (iso-strain) assumptions and avoids the arbitrary fitting of parameters in devising a constitutive model. [27] In iso-work theory, it is assumed that during deformation the mechanical work increment is the same for each phase constituent of the steel. The equations for iso-work condition for the deformation of 0.08 CMnV steel are given by
where the subscripts denote the phases involved. The overall macroscopic shear strain increment dc t is given by the sum of the strain increments in the constituents weighted by their volume fractions: Follansbee. [20] As is obvious from the notation, f Coarse,a is the volume fraction of coarse-grained ferrite, f UFG,a is the volume fraction of UFG ferrite, f UFG,c inst is the instantaneous volume fraction of retained austenite, and f inst a 0 is the instantaneous (current) volume fraction of martensite.
IV. RESULTS
With all the elements of the model in place, a comparison with experiment is possible. The experimental data against which the model was tested are reported in this section vis-a`-vis the model-based simulations. Figure 1 shows SEM micrographs of the 0.08 CMnV steel after cold-rolling (Figure 1(a) ) and intercritical annealing at 1013 K (740°C) for 180 seconds (Figure 1(b) ). The coldrolled microstructure consisted of deformed ferrite and martensite. The ferrite was fully recrystallized after intercritical annealing and formed the coarse-grained ferrite constituent in the microstructure. The average grain size of recrystallized ferrite was approximately 15 lm. The UFG retained austenite and UFG ferrite were formed during the annealing process of the cold-rolled martensite because of the competing processes of ferrite recrystallization and reverse transformation of austenite. [7] The increased number of nucleation sites in the cold-rolled martensite effectively retarded grain growth and also contributed to grain refinement. [14, 28] TEM micrographs of the steels annealed at 1013 K (740°C) are shown in Figure 2 . The dislocation density after the annealing is low in both the UFG retained austenite (Figure 2(a) ) and the UFG ferrite (Figure 2(b) ). The average grain size of both UFG phases, austenite and ferrite, was about 500 nm. VC precipitates were observed in the interior of the ferrite grains and at the austeniteferrite interphase boundaries. Figure 3 shows TEM micrographs of the 0.08 CMnV steel deformed to 5 pct engineering strain. It can be seen that a high density of dislocations was emitted from a grain boundary in coarsegrained ferrite into the grain interior (Figure 3(a) ). Figure 3(b) illustrates the pinning effect of VC precipitates on dislocations. Deformation-induced martensite formation is also evident in the 0.08 CMnV steel strained by 5 pct.
The occurrence of VC carbides in the ferrite grain interior and at interphase boundaries is also confirmed by the STEM image in Figure 4 The volume fractions of the microstructural constituents before tensile test are summarized in Table IV . The microstructure contained 52 vol. pct of coarsegrained ferrite, 31 vol. pct of UFG ferrite, and 17 vol. pct of UFG retained austenite. During tensile tests, the martensitic transformation started at about 5 pct engineering strain, as observed by TEM analysis ( Figure 5 ). The retained UFG austenite was fully transformed to martensite at an engineering strain of about 20 pct. This experimentally found strain dependence of the martensite volume fraction was used to identify the parameters b and n by fitting Eq. [15] , as discussed above. Figure 6 shows the measured stress-strain curves and the corresponding work hardening evolution for 0.05 CMn and 0.08 CMnV steel. The localized character of the deformation of the 0.05 CMn UFG Mn TRIP steel was reported previously. [4, 6] The steel had a limited work hardening, and the deformation was associated with the formation and propagation of localized deformation bands. In contrast, the 0.08 CMnV steel shows a smooth yielding behavior with no localization. Figure 6 (b) illustrates the pronounced increase of the work hardening of the 0.08 CMnV steel over that of the 0.05 CMn steel.
With the constitutive description of the individual phases described above, along with the parameter values listed in Table III , the model was used to simulate the work hardening behavior of 0.08 CMnV steel. The comparison of the measured and the calculated stress-strain curves in Figure 7 demonstrates an excellent agreement between the model and the experiment. It should be noted that the entire strain hardening behavior was considered in the analysis. Verification of the good agreement between the predicted and the measured point of onset of instability, as defined by the Conside`re necking criterion, was therefore always included. The individual contributions to strength from solid solution strengthening, the Peierls stress, the VC precipitate strengthening, and the grain size strengthening are given in Table V . It should be emphasized that so far the model has only been tested at room temperature and for a single strain rate. Further experimental study covering a wider range of temperatures and strain rates is still required to fully verify the proposed constitutive model. 
V. DISCUSSION
The four factors that can enhance the work hardening rate in UFG steel, viz. a bimodal grain size distribution, the presence of nanosized precipitates, a multiphase microstructure, and the occurrence of a deformationinduced phase transformation, are simultaneously available in 0.08 CMnV steel. Contrary to the well-known low strain hardening and pronounced localization of the plastic flow characteristics of metals and alloys with an UFG microstructure, the 0.08 CMnV steel shows a high work hardening rate. The relative roles of the four plasticity-enhancing mechanisms present in the 0.08 CMnV steel were evaluated by a parametric analysis of the constitutive model.
The VC precipitates play a major role in controlling the ferrite yield strength. The precipitates produce strengthening by impeding the dislocation motion as illustrated in Figure 3(b) . The contribution of the VC precipitates to dislocation generation and work hardening is illustrated in Figure 8 . The figure also shows a large discrepancy between the calculated flow stress and the experimental data when the contribution to the work hardening of the VC precipitates is not taken into consideration. However, the influence of VC precipitates on the work hardening rate is limited because of the non-uniform distribution of the precipitates between the microstructural constituents and the relatively large size of the precipitates. Figure 9 (a) shows the effect of a bimodal grain size distribution. The parameters for the 0.08 CMnV steel in Table III were used to calculate the flow stress of coarsegrained and UFG ferrite. It can be seen in Figure 9 (a) that when the volume fraction of coarse-grained ferrite increases, the overall work hardening rate is also raised. The influence of the coarse-grained ferrite volume fraction on the work hardening rate is not very pronounced, though. Another important factor which should be considered is the coarse ferrite grain size. Figure 9(b) shows the effect of grain size on the work hardening for a mixture of coarse-grained and UFG ferrite. The volume fraction of coarse ferrite and UFG ferrite was fixed at 50 pct. As can be seen from grain size is very limited, and only a small reduction of the work hardening occurred with decreasing grain size. This is because the average grain size is close to the critical grain size, D c , which governs the efficiency of grain boundaries in storing dislocations. This results in a reduction of the influence of the grain size on the dislocation generation. A pronounced enhancement of the work hardening rate was observed when the martensitic transformation was considered. Figure 10(a) shows a pronounced increase of the work hardening rate when the deformation-induced transformation of the retained austenite occurs. In addition, it is necessary to consider the effect of the volume fraction of retained austenite on the mechanical properties since the occurrence of martensitic transformation drastically changes the measured work hardening. Figure 10(b) shows the effect of the volume fraction of retained austenite. Since both the presence of the coarse ferrite grains and the phase transformation of the retained austenite affect the work hardening rate, only the volume fractions of coarse ferrite and UFG austenite were considered in the model. As can be seen in Figure 10 (b), the overall strength is greatly increased for steel containing a larger amount of retained austenite. This is achieved without sacrificing the tensile ductility. Therefore, it is essential to have a large volume fraction of retained austenite to obtain both a high strength and an improved ductility at room temperature.
The kinetics of the deformation-induced transformation of retained austenite is analyzed as shown in Figure 11(a) . It displays the evolution of the martensite volume fraction during deformation. The kinetics of the transformation is simulated by varying the value of n in Eq. [5] for a fixed value of b of 150. An increase of n from 2 to 3 results in slower transformation kinetics, as can be seen in Figure 11 (a). A steel with more rapid transformation kinetics attains a higher strength at low strain levels (Figure 11(b) ), but the plastic instability condition is reached at an earlier stage than for lower transformation kinetics. The steel with slower transformation kinetics has a higher ductility, as seen in Figure 11 (b), and attains a strength level comparable to that of the steel with fast transformation kinetics. A greater stability of retained austenite results in improved mechanical properties for medium Mn UFG TRIP steel. The occurrence of the deformation-induced transformation is also essential, since retained austenite stable with respect to martensitic transformation tends to promote strain localization during tensile loading, as reported previously by Lee et al. [6] It is therefore necessary to reduce the stability of the retained austenite in a controlled way to take full advantage of the phase transformation.
VI. CONCLUSIONS
Medium Mn TRIP steel with the chemical composition Fe-0.08 pct C-6.0 pct Mn-2.0 pct Al-1.5 pct Si-0.08 pct V has better mechanical properties than a similar steel without V additions. After an intercritical annealing at 740°C for 180 seconds, the 0.08 CMnV steel consists of coarse-grained ferrite and UFG layers of ferrite and retained austenite. Lath-type, deformation-induced martensite formed during tensile testing was observed by means of TEM. The current study has shown that the two main factors responsible for the improved mechanical properties of the V-added medium Mn TRIP steel are the bimodal grain size distribution and the deformation-induced martensitic transformation of the retained austenite. The VC carbide precipitates have a major effect on the increment of yield stress. An important conclusion of this study is that control of the deformation-induced transformation of the retained austenite, i.e., the TRIP effect, plays an essential part in the enhancement of the mechanical properties of UFG steel.
